A novel ball bond process optimization method based on a thermal signal from an integrated aluminum microsensor is reported. The in-situ temperature during the ball bonding is measured and analyzed. The ultrasonic period shows distinct features corresponding to the scrubbing of the ball on the pad and the intermetallic bond growth, and the ball deformation by ultrasonic softening. A peak of the signal indicates the end of interconnection growth. This can be used for bond time optimization. When optimizing bonding force, the sensor signal correlates with ball shear strength. Using this method, bonding force process windows can be determined by on-line measurements. Maximum shear strength and maximum microsensor signal were within 20 mN at 34°C. In summary, the method produces a wealth of new insights in transient thermal phenomena of the ball bonding process and promises to simplify the evaluation of ball bonding process windows.
Introduction
Wire bonding technology connects the majority of todays integrated circuits to the external world [1] . It is a flexible technique evolving rapidly to meet new requirements. There are many factors determining the quality of a wire bond process and being therefore subject to optimization. The quality is assessed by measurable outputs of the manufacturing process (responses). For ball bonding, responses include the height and diameter of the deformed ball, ball shear strength and percentage of intermetallic compound (PIC) values for metallurgical bond qualification [2] [3] [4] [5] . They are influenced by machine input parameters, such as initial ball diameter, bonding force, ultrasonic energy, dwell time, and chip temperature [6] . Responses of a stable process are within specified upper and lower limits. The corresponding input parameters can be found by a statistically designed experiment (design of experiment, DOE) [6] [7] [8] [9] [10] . In a DOE, responses are investigated for combinations of input parameters. Process windows defined by ball geometry and shear strength are reported in [11, 12] .
To keep pace with shrinking CMOS feature sizes and increasing number of IOs, pad pitches smaller than 100 µm, and some even down to 50 µm, are presently required. In addition, recent high pin count ball-grid arrays (BGAs) fabricated from polymers require lower bonding temperatures than conventional products. In spite of high frequency bonding and improved wire bonder equipment, quality requirements rise for fine-pitch or at low temperatures, and optimization becomes more time consuming.
Finding solutions to the above new challenges motivates the search for novel optimization and characterization techniques. Integrated microsensors and micro electro mechanical systems (MEMS) have progressed tremendously in the past years [13, 14] . Stress microsensors previously have been used for mechanical characterization of packages [15] . Recently, we have used microsensors for wire bonder characterization [16, 17] . In this paper we compare microsensor signals at different bonding forces with traditional process characteristics such as ball height, ball diameter, and shear strength.
Experimental
The measurements were performed on an ESEC gold ball bonder with a ceramic 100 µm pitch bottleneck capillary. A 25 µm diameter AW14 wire was used. Test chips were attached by a die bonder to custom design BGA strips with six gold plated die pads [17] using a commercial silver filled epoxy. The material was cleaned using Argon-Hydrogen plasma. The chip surface temperature is limited by the substrate material. The aluminum microsensors can be used up to 400°C. The measurements were carried out at 34°C (ambient) and 106°C. Such values are normally not used in production, but suitable for our investigation.
Wedge bond and initial (free-air) ball diameter (55 µm) were optimized first. An impact force of 900 mN was selected for a suitable initial deformation of the ball. The ultrasonic level corresponded to nominal free vibration amplitudes of 1.20, 1.24, and 1.45 µm (peak-to-peak), calibrated optically at the tip of the horn of the transducer [18] . The frequency was 100 kHz.
Integrated Temperature Microsensors for Characterization and
Optimization of Thermosonic Ball Bonding Process During one test run, 33 bonds were made, the last four on test pads. The amplified and filtered microsensor signals were logged to an oscilloscope and subsequently transferred to a PC for data evaluation. Bonded ball geometry was measured using an optical microscope. The deformed ball is characterized by the distance between top edge and pad (ball height), and its diameter, taken at the top edge [2] . Shear force values were obtained using a ball shear tester. The bonding force was measured on-line by the piezo-sensor system of the wire bonder [19] .
Conventional Ball Bond Optimization

Dwell time
The dwell time is the duration of ultrasound dissipation. It was varied between 2 and 30 ms. Transducer amplitude, bonding force, and chip temperature were 1.20 µm, 300 mN, and 34 °C, respectively. The ball height and diameters were measured for each dwell time. Resulting values are shown in Fig. 2 . As long as dwell time is below about 7 ms, deformed ball dimensions remain constant compared to the rapid decrease of ball height and increase in ball diameter for longer dwell times.
Shear strength is a better indicator for bond interface quality than shear force [4] . It is obtained by dividing shear force by the area defined by the diameter of the deformed ball [2] . Results are shown in Fig. 3 . Whereas shear force monotonically increases with dwell time, shear strength has a maximum. Therefore an upper dwell time limit of 12 ms is chosen for the following experiments, because additional ball deformation by ultrasound is still small and shear strength is close to the maximum.
The amount of intermetallic compounds is shown on micrographs in Fig. 4 . The balls were relieved from the pads by etching aluminum as described in [2] .
Bonding force
Bonding force was varied from 50 mN up to 600 mN. Chip temperatures were 34 and 106°C. The transducer amplitude was 1.24 µm. Ball geometry and shear strength were measured for every applied bonding force. Results are shown in 
Discussion
In thermosonic gold ball bonding on aluminum pads, the aluminum oxide layer is reduced to small pieces during ultrasonic dissipation by sliding and scrubbing of the ball on the pad [20] . Such a relative motion also takes place in aluminumwedge bonding as has been shown by measurements of tool, wire face, and chip edge vibration amplitudes [21, 22] . As soon as intimate contact between oxide-free material is established, the bond forms. If the process is interrupted during this period or earlier, shear values are low. After interconnection is finished, ball deformation increases rapidly, indicating that ultrasound softening does not take place during the first period (sliding phase). We remark ultrasound softening after 6 ms when looking at ball heights, and after 8 ms when looking at ball diameters (Fig. 2) . Shear strength increases less than 5 % after these dwell times (Fig. 3) , and the percentage of intermetallic compound does not increase if dwell time is above 8 ms (Fig. 4) .
For effective oxide-removing scrubbing, sufficient contact pressure is needed. The lower the bonding force, the less capillary-induced shear stress is available, and contact is loose. At the other extreme, excessive bonding forces are detrimental to the relative motion. Therefore less oxide is removed from the interface. 
Temperature Microsensors
An aluminum line of circular shape is integrated around a circular bonding pad with a pad opening diameter of 75 µm (Figs. 1 and 10 a) . Its layout is schematically shown in Fig. 6 (c) . The inner and outer radius of the area covered by the aluminum line is 88 and 115 µm, respectively. The line width and spacing is 1.5 µm. Its resistance versus temperature is shown in Fig. 6 (b) . The slopes at 34 and 106 °C are 0.392 ± 0.016 and 0.368 ± 0.016 Ω /K, which correspond to temperature coefficient of resistance values of 3120 ± 200 ppm/K and 2690 ± 170 ppm/K. Eight microsensors are grouped in two Wheatstone bridges (Fig. 6 a) . The pitch is 200 µm.
The test bonding pad material is AlSi 1.0 Ti 0.15 . It has a circular shaped, a nominal thickness of 1 µm, and a diameter of 120 µm. It covers the lower sensing aluminum line in order to increase the heat flux between contact zone and microsensor. An oxide layer isolates pad and microsensor aluminum.
An example of a microsensor signal is shown in Fig. 7 . The curve is proportional to the temperature change during ball bonding. Due to touchdown of ball and capillary, the temperature decreases and a minimum is observed during the first 5 ms. The time delay between impact and the start of ultrasound dissipation is increased to 40 ms in order to separate the thermal signals from cooling and ultrasonic heating. Figs. 9 (b) and 10 (ii b, c) show measured resistance changes during optimized bond formation. Different phases are distinguishable. In the beginning a monotonic increase in temperature is observed. The second phase is characterized by a decrease in slope and a maximum. The slope tends to be constant in this period (Fig. 8) . From the maximum to the end of ultrasonic dissipation, a temperature decrease is observed. A time delay of 40 ms is inserted between ultrasonic heating and capillary lift off. At the end, temperature rises again to a constant level lower than the initial value.
Discussion
After touchdown, the temperature reaches a minimum because the cooling rate by the capillary and wire is faster than the heating rate by the chip stage. This behavior is consistent with the transient thermal simulation of a cold ball and a capillary on a hot chip [20] . We conclude that initial ball deformation limits the predicted cooling rate. From the rapid increase of temperature after tool lift off, we assume that the signal monitors temperature changes at the contact zone with a submillisecond delay.
During the first ultrasound-phase (4 ms), the temperature is proportional to the rising vibration energy of the capillary, provided the friction coefficient is constant [17] . During the second phase (4-6 ms), the friction coefficient increases as the bond forms. Less heat is delivered to the chip because the amplitude of relative motion decreased. As soon as bond for- 
mation is finished, friction at the interface has ended. Therefore, temperature decreases again. Phase 1 and 2 correspond to the scrubbing and sliding period described above. The time of maximum indicates a minimum dwell time needed for sufficient bonding. We measured 6.8, 5.9, and 4.3 ms for transducer amplitudes of 1.20, 1.24, and 1.45 µm, respectively (Fig. 9) . The first value is consistent with the duration of the sliding period estimated above by deformation and PIC analysis. During the third phase, the ball is softened by the ultrasound and deforms. The amount of heat produced at this stage is not known. Possibly, the capillary slides on the ball.
Bonding Force Optimization by Microsensor
During conventional optimization, microsensors were bonded and read out. In Fig. 10 , SEM micrographs and shear strength of selected runs are shown together with microsensor signals. Left, middle, and right column show results of bonds with too low, optimized, and excessive bonding forces, respectively. The difference in the signals is considerable. For low bonding forces, measured resistance change rises slowly during the first 4 ms (Fig. 10, (i) b, c) . If excessive load is applied, relative motion is damped (Fig. 10, (iii) b, c). Less oxide is removed and ball deformation is large (Fig. 5) . At 34°C, the temperature during the bond is still increasing after the ball sticks (Fig. 10, (iii) c) . Bonds with shear strengths above 120 MPa are shown in Figs. 10 (ii) . The signal shapes show the three phases described in the above discussion.
At 106°C and for low forces, the temperature does not return to its initial value after ultrasound dissipation ( Fig. 10,  (i) b) , whereas it does for the optimized bond (Fig. 10, (ii) b) . The reason might be that friction heat cannot be conducted away by the wire if the ball is not well connected to the pad (isolating oxide layer). Such balls are completely lifted off the pad when shearing. For excessively deformed balls at 106°C, the temperature is even lower after ultrasound period (Fig. 10,  (iii) b) . Here, the enlarged ball diameter enables higher heat fluxes from chip to wire and tool than before.
A characteristic value to quantify the bond quality is the mean of the signal from the beginning of ultrasound to the time of maximum. The bigger the signal and the more rapidly it rises, the higher is the mean resistance change. It was measured versus bonding force. The results are shown in Fig. 11 , together with corresponding shear strengths for ball diameters below 75 µm (size of pad opening). Mean microsensor signal and shear strength have maximum values within about 50 mN (106°C) and 20 mN (34°C). If we demand mean shear strengths values above 100 MPa, the bonding force process window upper and lower limits are 140 and 400 mN at 34°C, respectively. The same interval is defined by mean microsensor resistance changes above 0.17 %. We obtained a squared correlation coefficient of r 2 = 0.8 for shear strength versus mean resistance change.
Conclusions
A novel diagnostic tool for ball bond characterization based on integrated microsensors is reported. The method is based on in-situ temperature measurements by an integrated aluminum resistor on a dedicated test chip. The microsensor signal reveals information about different phases during bonding. This includes the minimum time needed for interconnection growth. Bonding force optimization by microsensors is possible and does not require off-line inspection. Process windows by shear strength and by microsensor are overlapping at 34°C. Future investigations with thermal microsensors must include parameters such as ultrasonic power, initial ball diameter, transducer frequencies, and impact force. In addition, different pad metallizations, capillaries, die attach and substrate materials can be characterized using this method. 300 500 100 300 500
